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Abstract
Noble metal nanoparticles are prospective of enhancement light trapping, absorption and overall eﬃcency in solar cells. Light
induced plasmonic electric ﬁeld concentrated near such particles can support absorption process in the absorber layer of the cell. In
spite of the clarity of this general principle, discussions about the most eﬀective size, shape and placement of nanoparticles in solar cell
structure are still under discussion.
Here we report calculations of light absorption inside the CdTe absorber layer doped by metal nanospheres and the eﬀects caused
by plasmonic phenomena. COMSOL 3D ﬁnite element simulations were employed for calculations of light absorption near Ag, Au,
Al nanoparticles and optimization of particle diameters and spacing was performed. The simulations revealed that absorption near the
particles can be enhanced by factor of ~2.5.
c© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of The European Materials Research Society (E-MRS).
1. Introduction
Metal nanoparticles provide absorption enhancement in solar cells by two mechanisms: (i) light
trapping and optical path length enhancement via scattering of incoming light, (ii) local absorption
enhancement by strong local ﬁelds caused by plasmon resonance of the particle [1, 2]. Although
plasmonic nanoparticles are mostly used for light-trapping, there have been several studies of near
ﬁeld enhancement of plasmonic particles[3, 4]. Enhancement of optical path is possible, when the
light beam guided inside the ﬁlm undergoes total internal reﬂections (TIR) at the interface. It can be
realized only for beams propagating inside the ﬁlm at the angles higher than critical angle of TIR.
For our proposed solar cell structure (Fig. 1a) the critical angle is relatively large, ~40 degrees. This
makes light trapping diﬃcult to achieve. Our calculations suggest that the very little energy is trapped
due internal reﬂection. Therefore, this study focuses on near ﬁeld enhancement eﬀects of plasmonic
nanoparticles.
Diﬀerent particles, varying material and diameter, were studied using the ﬁnite element method
in the simulation software COMSOL Multiphysics 4.3a, using scattered ﬁeld formulation. Since this
work is focused on near ﬁeld eﬀects of plasmonic nanoparticles, simulations were used to calculate
absorption in CdTe near the nanoparticle surface. When simulating the whole solar cell structure,
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(a) (b)
Figure 1. a) The considered solar cell structure. b) The simulation geometry of metal nanoparticle immersed into the
CdTe medium.
additional eﬀects, such as interference, can aﬀect the simulation results. In order to distinguish plas-
monic interactions from interference eﬀects, we used simulation geometry depicted in Fig. 1b. In this
case, we only simulate a single nanoparticle and its vicinity. The plasmonic particle is surrounded
with a 20 nm CdTe region, where the absorbed energy is integrated. Simulations were done with 3D
mesh, with maximum size for mesh elements of 30 nm. To avoid spurious reﬂections from simulation
boundary, a 30 nm perfectly matched layers (PML) boundary region was used. The PML is used
to absorb propagating waves, but it is sensitive to near ﬁelds and it can cause strong distortions in
simulated ﬁelds if the PML region is placed too close to the near ﬁelds. Therefore it was necessary to
add a 80 nm CdTe buﬀer region to allow the strong near ﬁelds to diminish before reaching the PML
region. Commonly recommended size for the buﬀer region or the PML is in the order of half of the
wavelength in the medium, but simulations showed that for our system the near ﬁelds of the particle
decay very quickly and the large buﬀer layer and PML are unnecessary.
The total enhancement of absorption in the CdTe layer around an Au nanosphere can be revealed
by dividing the absorption in CdTe with reference absorption. The reference absorption is calcu-
lated for CdTe volume equal to volume of the nanoparticle and surrounding integration region. By
following this method we can obtain the spectral absorption enhancement.
To compare diﬀerent particles, spectral absorption enhancement was averaged over wavelength
range from 500 nm to 900 nm. Shorter wavelengths (below 500 nm) were outside of our interest
for two reasons: (i) those wavelengths are far away from the plasmon resonance condition and there
are no strong local ﬁelds, (ii) the window and the buﬀer (CdS) layers of our solar cell structure are
strongly absorbing below 500 nm, which causes losses before the light even reaches the nanoparticle.
Higher wavelengths are below CdTe bandgap (1.45 eV) and therefore also outside of our interest.
Optical constants for gold, silver and copper were taken from[5], for aluminium from [6], for
CdTe come from Sopra N&K database and for tellurium the data is taken from [7].
2. Results and discussion
Overview of absorption in simulated system is shown in Fig. 2a. Absorption was calculated sep-
arately in the nanoparticles and in CdTe within 20 nm from the nanoparticle surface. For comparison
the reference absorption is also plotted, with dashed line. The plasmon resonance peak at ~815 nm is
easily recognizable. As can be seen from the ﬁgure, most of the absorption is due the to plasmonic
resonance induced strong near ﬁelds in the CdTe rather than in the nanoparticle itself. It is evident
that for wavelengths shorter than 600 nm the nanoparticles are ineﬀective and they are causing losses.
The losses are higher in Au and Cu particles and lower in Ag particles. Greater losses in Au and Cu
nanoparticles can be attributed to interband transitions in the metal.
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Figure 2. a) Inﬂuence of a 50 nm Au nanosphere on the light absorption in the CdTe layer. The dashed line (reference)
is the reference absorption in CdTe (with volume equal to nanoparticle and surrounding integration volume). b) The near
ﬁeld induced enhancement of light absorption in yhe CdTe layer near diﬀerent metal nanoparticles.
The main results of this study are presented in Fig. 2b. Au, Ag and Cu nanoparticles all exhibit
a similar behavior, having optimal particle size of about 45 nm. Aluminium particles were also sim-
ulated as these particles are sometimes used although as scattering particles [8]. Since the plasmonic
resonance of the aluminium particle is outside of the interesting spectral range of 500 nm - 900 nm,
there are no strong ﬁelds and associated local absorption enhancement.
2.1. Eﬀects of particle spacing
To study the eﬀects of inter-particle coupling, a second set of simulations was conducted. In-
stead of single particles, two particles were embedded in CdTe. The simulation geometry for these
simulations is shown in Fig. 3a.

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Figure 3. a) Geometry for 2-particle simulations, with particle distance d shown on the ﬁgure. b) Absorption enhancement
by Au nanoparticles with varying inter-particle distance. c) Spectral absorption enhancement by 40nm Au particles with
varying inter-particle distance.
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Results of these simulations are presented in Fig. 3b and Fig. 3c. The simulations show that if the
particles are very close (< 50 nm) then the coupling between particles starts to aﬀect the plasmon res-
onance, causing its red-shift. In this case it is beneﬁcial to use slightly smaller particles to compensate
for the resonance shift, as smaller particles have their resonance peak in slightly shorter wavelengths.
However, for larger inter-particle distances, it can be seen that although particle coupling eﬀects
can reach as far as over 130 nm, these eﬀects are relatively insigniﬁcant: the coupling does not
strongly aﬀect the plasmon resonance position and therefore optimal particle size does not depend on
the inter-particle distance.
Tendency of the calculations suggest that decreased maximum absorption enhancement per par-
ticle pair at smaller inter-particle distances is compensated by a number of particle pairs. Although
small inter-particle distances have stronger near ﬁelds in between coupled particles, the resulting red-
shift of the dimer plasmonic response moves to the near infrared, where the CdTe doesn’t generate
electron-hole pairs and it does not aﬀect the overall absorption inside the CdTe.
2.2. Eﬀects of tellurium back contact
One of the easiest ways to embed nanoparticles into the absorber layer is to deposit them directly
to the back contact, which in our case is tellurium. In order to study the possible eﬀects of the back
contact additional simulations were conducted. In the simulations, nanoparticles were placed on top
of the Te layer, into the CdTe. Light with normal incidence was used.
Results of these simulations are presented in Fig. 4. The simulations show that, the optimal parti-
cle size is relatively unaﬀected by the back contact (Fig. 4a). Fig. 4b shows the spectral broadening
of the absorption enhancement and minimal red-shift of the lowered maxima.
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Figure 4. Inﬂuence of CdTe-Te surface on Au nanosphere eﬀectiveness. a) Geometry used for simulations. b) Absorption
enhancement for varying particle size. c) Spectral absorption enhancement by Au nanospheres with diameter of 40 nm.
3. Conclusions
We investigated inﬂuence of strong near ﬁelds caused by plasmonic nanoparticles to the absorp-
tion in the CdTe layer. It was found that the spectrally averaged absorption enhancement can be
locally enhanced up to 2.5 times in the vicinity of noble metal nanoparticle. Particularly silver or
gold nanoparticle with diameters 45-50 nm provided theoretical enhancement of light absorption in
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the range 650-900 nm with maximum at 815 nm. According to our calculations, interaction of plas-
mons induced in neighboring nanoparticles become signiﬁcant only at quite small distances ≤ 50 nm
between them. It will allow essential doping of CdTe material by nanoparticles without strong broad-
ening or red shifting of plasmon resonance spectral band. The presented simulation results suggest a
technological feasibility of placing nanoparticles on the Te back contact and then covering them by
CdTe to achieve enhanced eﬃciencies of the proposed solar cells.
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